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ABSTRACT 

Although the severe acute respiratory syndrome-associated coronavirus (SARS-CoV) epidemic was controlled by nonvaccine 
measures, coronaviruses remain a major threat to human health. The design of optimal coronavirus vaccines therefore remains a 
priority. Such vaccines present major challenges: coronavirus immunity often wanes rapidly, individuals needing to be protected 
include the elderly, and vaccines may exacerbate rather than prevent coronavirus lung immunopathology. To address these is- 
sues, we compared in a murine model a range of recombinant spike protein or inactivated whole-virus vaccine candidates alone 
or adjuvanted with either alum, CpG, or Advax, a new delta inulin-based polysaccharide adjuvant. While all vaccines protected 
against lethal infection, addition of adjuvant significantly increased serum neutralizing-antibody titers and reduced lung virus 
titers on day 3 postchallenge. Whereas unadjuvanted or alum-formulated vaccines were associated with significantly increased 
lung eosinophilic immunopathology on day 6 postchallenge, this was not seen in mice immunized with vaccines formulated with 
delta inulin adjuvant. Protection against eosinophilic immunopathology by vaccines containing delta inulin adjuvants corre- 
lated better with enhanced T-cell gamma interferon (IFN-y) recall responses rather than reduced interleukin-4 (IL-4) responses, 
suggesting that immunopathology predominantly reflects an inadequate vaccine-induced Th1 response. This study highlights 
the critical importance for development of effective and safe coronavirus vaccines of selection of adjuvants based on the ability 
to induce durable IFN-y responses. 


IMPORTANCE 

Coronaviruses such as SARS-CoV and Middle East respiratory syndrome-associated coronavirus (MERS-CoV) cause high case 
fatality rates and remain major human public health threats, creating a need for effective vaccines. While coronavirus antigens 
that induce protective neutralizing antibodies have been identified, coronavirus vaccines present a unique problem in that im- 


munized individuals when infected by virus can develop lung eosinophilic pathology, a problem that is further exacerbated by 
the formulation of SARS-CoV vaccines with alum adjuvants. This study shows that formulation of SARS-CoV spike protein or 
inactivated whole-virus vaccines with novel delta inulin-based polysaccharide adjuvants enhances neutralizing-antibody titers 
and protection against clinical disease but at the same time also protects against development of lung eosinophilic immunopa- 
thology. It also shows that immunity achieved with delta inulin adjuvants is long-lived, thereby overcoming the natural ten- 
dency for rapidly waning coronavirus immunity. Thus, delta inulin adjuvants may offer a unique ability to develop safer and 


more effective coronavirus vaccines. 


he severe acute respiratory syndrome-associated coronavirus 

(SARS-CoV) was identified in 2003 when a series of fatal 
pneumonia cases started in Hong Kong (1, 2). SARS-CoV lung 
infection is characterized by a marked inflammatory cell infiltrate 
with diffuse alveolar damage (3). Before the disease was controlled 
by quarantine measures, ~8,000 humans were clinically infected, 
with an overall case fatality rate of ~10% but with mortality of 
~50% in those over 65 years of age (4). After recovery from coro- 
navirus infections, previously infected individuals may be suscep- 
tible to reinfection (5, 6). In fact, individuals with waning immu- 
nity may be at risk of even more severe disease upon coronavirus 
reexposure (7). Given the risk of future human outbreaks of 
SARS-CoV, Middle East respiratory syndrome-associated coro- 
navirus (MERS-CoV) (8), or other coronaviruses, development of 
an optimal vaccine platform is an ongoing priority. 

SARS-CoV is a positive-stranded RNA virus 29.7 kb in length 
with approximately 14 open reading frames (9). The first SARS- 
CoV vaccine candidates were produced from inactivated SARS- 
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CoV. Inactivated whole virus (IWV) without adjuvant provided 
only modest protection, inducing low neutralizing-antibody titers 
and earlier lung clearance in challenged ferrets (10). In mice, IWV 
vaccines alone or formulated with alum adjuvant provided partial 
protection, but this was associated with severe eosinophilic lung 
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pathology (11-14), similar to the pathology seen with SARS-CoV 
rechallenges after primary infection (15). It is not known if immu- 
nized human subjects might similarly be predisposed to lung im- 
munopathology upon SARS-CoV infection. Another challenge 
for inactivated SARS-CoV vaccines is the need for biosafety level 3 
(BSL3) facilities for vaccine manufacture. An alternative vaccine 
antigen is the SARS-CoV spike protein (SP), which mediates tar- 
get cell entry via attachment to angiotensin-converting enzyme 2 
and CD209L, leading to receptor-mediated endocytosis (16, 17). 
While immunization with recombinant SP (rSP) induced protec- 
tion (18, 19), it similarly exacerbated lung eosinophilic immuno- 
pathology, and like with IWV vaccine, this was exacerbated by 
formulation with alum adjuvant (11, 14). Respiratory syncytial 
virus (RSV) vaccines formulated with alum similarly caused lung 
eosinophilic immunopathology and increased mortality when 
immunized children became infected with RSV (20), suggesting 
that this is a generalized problem of Th2-polarizing alum adju- 
vants. There is a critical need, therefore, to identify suitable coro- 
navirus vaccine adjuvants that do not exacerbate, or ideally 
suppress, virus-induced lung immunopathology. Advax belongs 
to the class of polysaccharide adjuvants (21, 22) and is based on 
particles of B-p-[2-1]poly(fructo-furanosyl)a-p-glucose (delta 
inulin) (23). Delta inulin has been shown to enhance humoral and 
cellular immunity with a wide variety of vaccines against viruses, 
including influenza virus (24, 25), Japanese encephalitis and West 
Nile viruses (26, 27), hepatitis B virus (28), and HIV (29). It in- 
duces balanced Th1 and Th2 immune responses (25, 28), which 
contrasts with alum’s marked Th2 bias. Delta inulin is notable for 
its lack of reactogenicity as demonstrated in human influenza and 
hepatitis B vaccine trials (30, 31). 

This study asked whether given its balanced effects on Th1 and 
Th2 T-cell immunity, the Advax delta inulin adjuvant platform 
could be used to enhance SARS-CoV vaccine protection while 
avoiding the risk of lung eosinophilic immunopathology. As 
shown below, delta inulin adjuvants successfully enhanced hu- 
moral and cellular immunity and protection against SARS-CoV 
while avoiding the lung immunopathology induced by alum ad- 
juvant. 


MATERIALS AND METHODS 


Reagents. Recombinant spike protein (rSP) produced in insect cells (BEI 
catalog no. NR-722; Protein Sciences Corp., Meriden, CT) and Vero cell 
formaldehyde- and UV light-inactivated whole-virion SARS-CoV (BEI 
catalog no. NR-3882, lot 480405CA) were both obtained from BEI Re- 
sources, NIAID, NIH (Manassas, VA). CpG2006 was purchased from 
GeneWorks (Adelaide, Australia). Advax adjuvants were supplied by Vax- 
ine Pty Ltd., Adelaide, Australia, with Advax-1 being a preservative-free 
sterile suspension of delta inulin microparticles at 50 mg/ml in a bicar- 
bonate buffer, whereas Advax-2 additionally included 10 pg CpG per 1 
mg delta inulin. Both formulations of Advax adjuvant were used at a 
standardized dose of 1 mg delta inulin per mouse. Advax adjuvant was 
formulated with antigen by simple admixture immediately prior to im- 
munization. 

Animals. Vaccine immunogenicity studies were performed in accor- 
dance with the Animal Experimentation Guidelines of the National 
Health and Medical Research Council of Australia, approved by the Flin- 
ders Animal Welfare Committee, and performed on adult female BALB/c 
mice 6 to 8 weeks of age as supplied by the Flinders University animal 
facility. Mice were immunized twice 3 weeks apart with a variety of differ- 
ent vaccine formulations and then bled regularly for 12 months to mon- 
itor changes in antibody levels. 

The SARS challenge study was conducted in accordance with and with 
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the approval of the Institutional Animal Care and Use Committee of Utah 
State University. The work was done in the AAALAC-accredited Labora- 
tory Animal Research Center of Utah State University in accordance with 
the National Institutes of Health Guide for the Care and Use of Laboratory 
Animals (2010 revision). Female 4- to 6-week-old BALB/c mice weighing 
18 to 20 g were obtained from Charles River Laboratories (Wilmington, 
MA). They were maintained on Wayne Lab Blox and tap water ad libitum. 
At days 3 and 6 after virus challenge, 5 mice from each immunized and 
control group were sacrificed and the lungs harvested for gross pathology 
(lung score), lung weights, lung virus titers, and measurement of anti- 
SARS IgG in lung homogenate. 

SARS-CoV. Mouse-adapted SARS-CoV was used throughout the 
study. The virus used for the challenge study was passaged 25 times 
through BALB/c mice and was verified as SARS-CoV by enzyme-linked 
immunosorbent assay ELISA and PCR (2). The virus was sent for se- 
quencing and identified as a SARS-CoV variant as described elsewhere 
(32). 

Serology. SARS-specific antibodies were determined by ELISA. rSP 
was absorbed to ELISA plates in 0.1 M sodium hydrogen carbonate buffer, 
pH 9.6, and incubated overnight at 4°C. After blocking with 1% bovine 
serum albumin-phosphate-buffered saline (BSA-PBS) for 1 h, serum 
samples diluted in 1% BSA-PBS were incubated for 2 h at room temper- 
ature (RT) and washed, and then 100 wl biotinylated anti-mouse IgG, 
IgG1, IgG2a, IgG2b, IgG3, or IgM antibodies (Abcam) with streptavidin- 
horseradish peroxidase (HRP) (BD Biosciences) was incubated for 1 h at 
RT and then incubated with 100 pl of tetramethylbenzidine (TMB) sub- 
strate for 10 min; the reaction was then stopped with 1 M phosphoric acid. 
The optical density at 450 nm (OD,;5)) was measured with a VersaMax 
ELISA microplate reader (Molecular Devices, CA, USA) and analyzed 
using SoftMax Pro software. 

T-cell assays. Mice were killed by cervical dislocation, and bones and 
spleens were collected. Bone marrow was isolated from femurs by flushing 
with 3% fetal bovine serum (FBS)-PBS. Cells were released by pressing 
against a tea strainer with a rubber syringe plunger, and red blood cells 
(RBCs) were removed by osmotic shock. Cells were washed with 3% FBS- 
PBS and then resuspended in RPMI complete medium with 10% heat- 
inactivated FBS. Splenocytes were labeled with 5 wM carboxyfluorescein 
succinimidyl ester (CFSE) (Invitrogen Life Technologies) and cultured in 
24-well plates at 10° cells/ml/well with 1 j.g/ml rSP. After 5 days of incu- 
bation at 37°C and 5% CO,, cells were washed with 0.1% BSA-PBS, 
treated with anti-mouse CD16/CD32 (BD Biosciences) for 5 min at 4°C, 
and then stained with anti-mouse CD4-allophycocyanin (APC) and anti- 
mouse CD8a-phycoerythrin (PE)-Cy7 (BD) for 30 min at 4°C. Cells were 
washed and then analyzed by fluorescence-activated cell sorting (FACS) 
(FACSCanto II; BD Biosciences) with FACSDiva software. For each lym- 
phocyte subset, proliferation was expressed as the percentage of divided 
cells (CFSE low) compared to undivided cells (CFSE high). Dot plots 
representing analysis of 10° cells were generated by FlowJo software. 

ELISPOT assays. The frequency of antigen-specific antibody- or cy- 
tokine-secreting cells was analyzed using biotinylated anti-mouse IgG, 
IgG1, IgG2a, or IgM antibodies (Abcam), anti-mouse gamma interferon 
(IFN-y), interleukin-2 (IL-2), or IL-4 antibody pairs (BD), or LEAF anti- 
mouse IL-17A and biotin-anti-mouse IL-17A antibody (BioLegend, USA) 
with streptavidin-HRP (BD Biosciences), according to the manufacturer’s 
instructions. Briefly, single-cell suspensions were prepared from bone 
marrow and spleens of mice at the indicated time points and plated at 2 x 
10° cells/well in 96-well plates precoated with rSP (for antibody detection) 
or anti-mouse cytokine monoclonal antibody (MAb) (for cytokine detec- 
tion) overnight at 4°C and then blocked with RPMI-10% FBS. For cyto- 
kine assays, the cells were incubated with rSP (10 g/ml) at 37°C and 5% 
CO, for 2 days. Wells were washed, incubated with biotinylated anti- 
mouse Ig or anti-mouse cytokine MAb at RT for 2 h, and washed again, 
and then streptavidin-HRP was added and left for 1 h before washing and 
addition of aminoethylcarbazole (AEC) substrate solutions (BD Biosci- 
ences). Spots were counted with an ImmunoSpot S6 enzyme-linked im- 
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munosorbent spot (ELISPOT) analyzer (CTL, USA) and analyzed using 
ImmunoSpot software. The number of spots in negative-control wells was 
subtracted from the number of spots in SP wells, and the results were 
expressed as antibody-secreting cells (ASC) per 10° bone marrow cells or 
spots per 10° splenocytes. 

Lung studies. Immunized and vehicle-treated mice were sacrificed at 
days 3 and 6 after virus challenge, and lungs were removed. Formalin- 
fixed lungs were mounted in paraffin blocks. Paraffin-embedded lung 
sections were stained with hematoxylin and eosin (H&E) anda rat mono- 
clonal antibody (Clone MT-14.7) to eosinophil major basic protein 
(MBP) (Lee Laboratory, Mayo Clinic, AZ) following a standard immuno- 
histochemistry (IHC) procedure. Diaminobenzidine (DAB) chromogen 
was used to identify eosinophils as brown-stained cells, as previously de- 
scribed (14). Eosinophil infiltration was scored without knowing animal 
identity using H&E-stained slides. An overall infiltration score (0 to 3) was 
assigned to each section according to the amounts of eosinophils in the 
parenchyma and their distributions through the lung, as follows: 0, no to 
a few eosinophils; 1, mild eosinophil infiltration; 2, moderate infiltration; 
and 3, severe infiltration. For confirmation, immunohistochemistry to the 
eosinophil major basic protein was determined in sections with the high- 
est score of each treatment group. 

Statistical analysis. Group comparisons for antibody and ELISPOT 
tests were done by the Mann-Whitney test. Virus titers were compared 
using analysis of variance to determine experimental significance, fol- 
lowed by Newman-Keuls pairwise-comparison tests. Survival analysis was 
done using the Kaplan-Meier method and a log rank test. Pairwise com- 
parisons of survivor curves were analyzed by the Mantel-Cox log rank test, 
and the relative significance was adjusted to a Bonferroni-corrected sig- 
nificance threshold for the number of treatment comparisons done. Sig- 
nificance is indicated in the figures as follows: *, P< 0.05; **, P<0.01;***, 
P< 0.005; and ****, P< 0.001. 


RESULTS 


Vaccine effects on humoral immunity. To assess the ability of 
Advax adjuvant formulations to enhance the immunogenicity of 
recombinant spike protein (rSP), adult female BALB/c mice (n = 
6/group) were given two intramuscular (i.m.) immunizations 3 
weeks apart of 1 wg rSP alone or formulated with Advax-1 or -2 or 
CpG adjuvant. Formulation with Advax-1 or -2 significantly en- 
hanced SP-specific immunoglobulin responses compared to im- 
munization with antigen alone. Advax-1 significantly enhanced 
the IgG1 response at 2 weeks postboost, which was maintained out 
to 1 year postimmunization (Fig. 1A). In contrast, Advax-2 signif- 
icantly increased a broad range of antibody isotypes, namely, 
IgG1, IgG2a, IgG2b, and IgG3, with this pattern being maintained 
for 1 year postimmunization. CpG adjuvant significantly in- 
creased SP-specific IgG2a, IgG2b, and IgG3 but not IgG1 at 2 
weeks postimmunization, with this pattern maintained for 1 year 
postimmunization. SP-specific IgM responses peaked at 2 weeks 
postimmunization in all groups, but interestingly, they remained 
significantly higher in both Advax-adjuvanted groups than in the 
group receiving unadjuvanted rSP alone out to 1 year postimmu- 
nization, suggesting the generation of long-lived memory IgM- 
positive B cells in the Advax-immunized groups. The serological 
response patterns induced by the different adjuvants were largely 
mirrored by the frequency of isotype-specific antibody-secreting 
cells (ASC) in the bone marrow of immunized mice. Advax-1 was 
exclusively associated with IgG1-positive ASC, whereas Advax-2 
was associated with both IgG1- and IgG2a-positive ASC (Fig. 1B). 
There were 2- to 3-fold more IgM-positive ASC in the Advax- 
immunized mice at 1 year postimmunization. 

SP-specific serum immunoglobulin levels were relatively stable 
out to 1 year postimmunization, except in the CpG adjuvant 
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group, in which an accelerated decline in total IgG and IgG] levels 
was seen starting at ~12 weeks postimmunization (Fig. 1C). At 1 
year postimmunization, serum IgG] levels in the CpG-adjuvanted 
group were significantly lower than those in all other groups, in- 
cluding the group given unadjuvanted rSP alone. A similar pattern 
emerged for serum IgG2a and IgG2b levels, with the CpG group 
showing a fast decay starting at ~ 12 weeks. IgG2a and IgG2b levels 
in the Advax-2 group showed a minimal decline out to 1 year 
postimmunization. 

Vaccine effects on T-cell immunity. To assess effects on short- 
and long-term T-cell immunity, SP-specific CD4 and CD8 T-cell 
proliferation was measured by CFSE assay on splenocytes ob- 
tained 2 weeks or 1 year postimmunization. At 2 weeks postim- 
munization, there were no significant differences between groups 
in rSP-stimulated CD4 or CD8 T-cell proliferation (Fig. 2A). 
However, at 1 year postimmunization, the Advax-1 group had 
significantly higher SP-specific CD4 and CD8 T-cell proliferation 
than all the other vaccine groups. Interestingly, the CpG group 
showed a consistent trend to reduced SP-specific CD4 and CD8 
T-cell proliferation even compared to the group receiving unad- 
juvanted rSP alone, as highlighted in the representative FACS 
CFSE profiles shown in Fig. 2C. 

The frequency of T cells secreting Th1, Th2, or Th17 cytokines 
in response to rSP stimulation was measured by cytokine 
ELISPOT assay. The frequency of IFN-y-secreting T cells at 2 
weeks postimmunization was significantly higher in the Advax-2 
than in the other groups and was also significantly increased in the 
Advax-1 and CpG groups to a degree similar to that for the group 
given unadjuvanted rSP alone (Fig. 2B). Interestingly, at 1 year 
postimmunization, the Advax-1 group now demonstrated the 
highest frequency of IFN-y-secreting T cells, with the frequency in 
the Advax-2 group having fallen back to the level in the unadju- 
vanted rSP group and that in the CpG group having fallen signif- 
icantly below that in the unadjuvanted rSP group. This indicates 
that whereas CpG adjuvant induced a short-lived population of 
IFN-y-secreting T cells, Advax-1 induced a long-lived population 
of such cells. The pattern of IL-2-secreting T cells was similar to 
that for IFN-y, being significantly higher in the Advax-1 group 
than in the unadjuvanted rSP group at both 2 weeks and 1 year 
postimmunization and significantly lower in the CpG group than 
in the unadjuvanted rSP group at 1 year postimmunization. 

IL-4 is the major cytokine produced by Th2 cells. Consistent 
with the significant enhancement of serum IgG1 (a Th2 isotype) 
by Advax-1, this group showed a significantly higher frequency of 
IL-4-secreting T cells at both 2 weeks and 1 year postimmuniza- 
tion than the other groups. Consistent with its known Th1 bias 
(33), the CpG group showed almost complete absence of IL-4- 
secreting T cells at both 2 weeks and 1 year postimmunization. A 
similar although less marked trend was seen in the Advax-2 group. 

The frequency of IL-17-secreting cells, a marker of Th17 cells, 
was very low, at about 1/10 the frequency of the other T-cell sub- 
sets. Nevertheless, IL-17-secreting T cells were significantly in- 
creased in both the Advax-1 and -2 groups at 2 weeks postimmu- 
nization, although only in the Advax-2 group at 1 year 
postimmunization. 

To determine whether the IFN-y ELISPOT responses repre- 
sented CD4 or CD8 T cells, splenocytes of immunized animals 
were stimulated with SP-specific peptides representing known 
BALB/c CD4 and CD8 T-cell epitopes in an IFN-y ELISPOT assay. 
The vast majority of IFN-y spots were generated in response to the 
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CD4 peptide, with just a few spots detected in the CD8 peptide 
wells (Fig. 2D), consistent with most of the IFN-y responses com- 
ing from SP-specific CD4 T cells. 

To further explore adjuvant effects on T-cell cytokine pheno- 
type, splenocytes obtained at 2 weeks and 1 year postimmuniza- 
tion were stimulated with rSP and cytokines measured in the su- 
pernatants. Reflecting the ELISPOT findings, splenocytes from 
the Advax-1 group produced significantly higher IFN-y, IL-2, 
IL-4, and IL-17, as well as IL-6, IL-10, and tumor necrosis factor 
alpha (TNF-a), levels (Fig. 3). This indicates an ability of Advax-1 
adjuvant to induce long-lived memory T cells producing a broad 
range of Th1, Th2, and Th17 cytokines. Splenocytes obtained at 2 
weeks and 1 year postimmunization from the CpG and, to a lesser 
extent, Advax-2 groups demonstrated low SP-stimulated IL-2, 
IL-4, IL-6, and IL-10 secretion even compared to that in the un- 
adjuvanted rSP group. Consistent with the ELISPOT data, at 2 
weeks postimmunization the CpG and Advax-2 groups showed 
significantly increased SP-stimulated IFN-y production. How- 
ever, at 1 year postimmunization the CpG group exhibited signif- 
icantly reduced SP-stimulated IFN-y production, and that by the 
Advax-2 group was no longer higher than that by the unadju- 
vanted rSP group. CpG was also associated with significantly 
lower SP-stimulated TNF-a production at both 2 weeks and 1 year 
postimmunization than in the other groups. IL-17 was the only 
cytokine that was significantly increased in the Advax-2 group at 1 
year postimmunization. 

Vaccine effects on SARS-CoV protection. When unimmu- 
nized mice were challenged with SARS-CoV (V02225) at the 95% 
lethal dose (LD,;), infected animals died between days 4 and 8, 
with 90 to 100% mortality achieved by day 8 (32). The lungs of 
these mice were severely inflamed and exhibited extreme lung 
consolidation. Weight loss was excessive, and the occasional sur- 
viving animal lost 20% or more of its weight but then regained it 
by day 10. Virus titers in the lungs generally exceeded 10’ PFU/g 
tissue, with the titers peaking at day 3 to 4 and persisting at least 
until day 7 in mice that survived. 

The primary objective was to assess the ability of the Advax 
delta inulin adjuvant formulations to enhance vaccine protection. 
For a comparator, we included an alum adjuvant to reproduce its 
known propensity to enhance lung immunopathology (14). We 
also included comparator groups immunized with an inactivated 
whole-virus (IWV) antigen with or without Advax-2 to see 
whether any protective adjuvant effects might be generalizable to 
whole-virus antigens. Control groups received either vehicle or 
Advax-1 or Advax-2 adjuvant alone to test whether the delta inu- 
lin adjuvants had any nonspecific protective effects against coro- 
navirus infection. 

All except one mouse that received vehicle alone succumbed to 
infection, with similar mortality rates in mice injected with 
Advax-1 or -2 alone, consistent with a lack of nonspecific protec- 
tion (Fig. 4A). All active vaccine formulations without or with 
adjuvant significantly protected mice against lethal infection, with 
the unadjuvanted IWV vaccine being the least protective but still 
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reducing mortality by greater than 90% compared to that of mice 
injected with vehicle or adjuvant alone. 

Vaccine effects on serum IgG titers. Fourteen days after the 
booster immunization, the group receiving 10 wg rSP plus 
Advax-2 (rSP 10 wg+Advax-2 group) had the highest serum 
SARS-specific IgG titers, significantly greater than those in the 
unadjuvanted IWV group, which had undetectable titers (Fig. 
4B). By day 3 postchallenge, IgG titers had risen more than 64-fold 
in all active vaccine groups but were still undetectable in the vehi- 
cle- or adjuvant-alone control groups. By day 3 postchallenge, 
titers were significantly (P < 0.05) higher in the rSP 2.5 
gt Advax-2 group than in the alum-adjuvanted group or the 
group given 2.5 wg rSP alone (rSP 2.5 wg alone group). By day 6 
postchallenge, IgG titers had risen a further ~8-fold in the active 
vaccine groups and were now detectable in the vehicle control 
groups. The rSP 2.5 wg+Advax-2 group continued to have the 
highest titers, which, along with those in the rSP 2.5 wg+Advax-1 
group, were significantly higher than those in the rSP 2.5 wg alone 
group. At day 21 postchallenge, whereas the titers in the previously 
highest-titer groups (ie., rSP 2.5 jg+Advax-1 and rSP 2.5 
wg+Advax-2) had already fallen from their day 6 postchallenge 
peak, the highest titers were now seen in the previously lower-titer 
unadjuvanted rSP and IWV groups, suggesting a longer ongoing 
viral stimulus to antibody production in these groups. 

Vaccine effects on serum SARS-CoV neutralizing-antibody 
titers. The serum SARS-CoV neutralization assay results largely 
mirrored the IgG results, with some notable exceptions. No SARS 
serum neutralizing antibody was detectable prechallenge on day 
14 postboost, a time when low but detectable IgG titers were al- 
ready present in the active vaccine groups. Serum neutralizing 
antibody first became detectable at day 3 postchallenge in the ac- 
tive vaccine groups except for the [WV-alone group (Fig. 4C) and 
was significantly higher in the rSP 10 wg+Advax-2 group. On day 
6 postchallenge, significantly higher titers were again seen in the 
rSP 10 wg+Advax-2 group as well as the three adjuvanted 2.5 wg 
rSP groups compared to the rSP-alone or IWV groups. An inter- 
esting feature was that the rSP 10 wg+Advax-2 group had the 
highest neutralizing-antibody titers at both days 3 and 6 postchal- 
lenge, despite not having the highest serum IgG titers (Fig. 4B). 
The rSP 10 wg alone group exhibited the opposite phenomena, 
with a high serum IgG (Fig. 4B) but low SARS neutralizing anti- 
body (Fig. 4C) titer. This suggests that some vaccines, notably the 
rSP 10 pg+Advax-2 formulation, may induce more neutralizing 
antibody as a percentage of SARS-specific IgG production. 

Vaccine effects on lung histology and edema. All active vac- 
cine formulations with or without adjuvant significantly amelio- 
rated the gross lung pathology as measured by histopathology 
lung scores at days 3 and 6 postchallenge, compared to vehicle or 
adjuvant-alone controls, with no significant differences between 
active vaccine groups (Fig. 5A). Lung weight is a useful objective 
measure of lung edema. Again all active vaccine formulations sig- 
nificantly ameliorated lung edema on day 3 postchallenge, com- 
pared to vehicle or adjuvant-alone controls, with no significant 


FIG 1 Adjuvant effects on humoral immunity. (A) Female BALB/c mice were immunized i.m. twice with 1 wg rSP alone or with Advax-1, Advax-2, or CpG and 
then periodically bled for measurement of serum SP-specific antibodies by ELISA. (B) At 2 weeks and 1 year postimmunization, mice (n = 6 for each time point) 
were sacrificed and bone marrow collected for measurement of memory B-cell frequency by ELISPOT assay. (C) Also shown are changes of serum SP-specific IgG 
titers over time. All values are means + standard errors of the means (SEM). #, group where there was a significant (P < 0.05) fall in antibody titer between 2 weeks 
and 1 year postimmunization. *, P < 0.05; **, P< 0.01; ***, P < 0.005), ****, P< 0.001. 
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FIG 2 Adjuvant effects on T-cell immunity. (A and B) At 2 weeks and 1 year postimmunization, splenocytes were harvested from immunized mice (n = 6 for 
each time point, divided into 2 groups of 3 mice) for rSP-stimulated T-cell proliferation by CFSE assay (A) and cytokine ELISPOT assays (B). (C) Representative 
FACS CESE plot of the data in panel A, demonstrating reduced CD4 and CD8 T-cell proliferation in response to SP in the CpG group. (D) Representative IFN-y 
ELISPOT assays showing that the majority of SP-specific IFN-y producing splenocytes in immunized mice recognize the CD4 epitope peptide from SP (left well) 
rather than the CD8 epitope peptide. All values are means + SEM. 
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FIG 3 Adjuvant effects on T-cell cytokine responses. Splenocytes were har- 
vested at 2 weeks and 1 year postimmunization and stimulated with rSP for 2 
days, and cytokines in the culture supernatants were measured by cytometric 
bead array (CBA) assay. Values are means + SEM. 
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differences between active vaccine groups (Fig. 5C). However, sig- 
nificant differences in lung edema became apparent on day 6 post- 
challenge, with the lowest lung weights in the groups that received 
antigen formulated with Advax-1, Advax-2, or alum adjuvant and 
the highest lung weights in groups that received unadjuvanted rSP 
or IWV (Fig. 5D). 

Vaccine effects on lung virus titers. To assess the ability of the 
various vaccine formulations to inhibit SARS-CoV replication in 
the lung, homogenized lung tissue of mice sacrificed at day 3 or 6 
postchallenge was assayed for virus. On day 3 postchallenge, all the 
Advax-adjuvanted vaccine groups plus the alum-adjuvanted 
group had significantly reduced lung virus titers compared to 
those in the adjuvant-alone or vehicle control groups (Fig. 5E). In 
contrast, at day 3 postchallenge, virus titers in mice that received 
2.5 wg unadjuvanted rSP or WV alone were not significantly dif- 
ferent from those in vehicle or adjuvant control mice. The lowest 
mean lung virus titers at day 3 postchallenge were seen in mice that 
received rSP (either 2.5 or 10 wg) with Advax-2. No major differ- 
ences in lung virus titers between active vaccine groups were ob- 
servable on day 6 postchallenge, although the rSP 2.5 or 10 yg plus 
Advax-2 groups continued to have the lowest virus titer point 
estimates (Fig. 5F). 

Vaccine effects on lung IgG titers. All of the active vaccine 
formulations resulted in detectable lung SARS-specific IgG titers 
at days 3 and 6 postchallenge, with significantly lower titers in the 
rSP 2.5 wg and IWV-alone groups at day 3 postchallenge than in 
the other active vaccine groups (Fig. 5G). By day 6 postchallenge, 
the rSP 2.5 wg and IWV-alone groups had caught up, and there 
were no significant differences between any of the active vaccine 
groups (Fig. 5H). 

Vaccine effects on lung eosinophilic immunopathology. His- 
tology and eosinophil infiltration were assessed blind using H&E- 
stained lung slides from mice (n = 5/group) sacrificed day 6 post- 
challenge. An eosinophil infiltration score of 0 to 3 was assigned to 
each section according to the number of eosinophils in the paren- 
chyma and their distribution throughout the lung. Control chal- 
lenged animals that had been immunized with vehicle or adjuvant 
alone, despite severe lung pathology with edema, neutrophilic, 
and histiocytic alveolitis and intra-alveolar fibrin accumulation, 
demonstrated minimal eosinophil infiltration (Fig. 6). The high- 
est eosinophil infiltration scores were seen in mice immunized 
with the unadjuvanted vaccines: from highest down, IWV (mean 
score, 3.0/3), rSP 10 wg (2.6/3), rSP 2.5 wg (1.6/3), and rSP 2.5 
wg+alum (1.0/3). Mice immunized with Advax-adjuvanted vac- 
cine had low eosinophil scores: rSP 2.5 g+Advax-2, score 0.0/3; 
rSP 10 wgt+Advax-2, 0.4/3; IWV+Advax-2, 0.4/3; and rSP 2.5 
wg+Advax-1, 0.6/3. For confirmation, immunohistochemistry to 
eosinophil major basic protein was determined in mice with the 
highest score from each treatment group. This confirmed severe 
lung eosinophil infiltration in the unadjuvanted [WV and rSP 
groups and alum-adjuvanted rSP group (Fig. 6). In contrast, only 
occasional eosinophils were seen in the lungs of mice immunized 
with Advax-adjuvanted rSP or IWV. 


DISCUSSION 


There is an ongoing need for vaccines to avert human coronavirus 
threats, with MERS-CoV being a current focus of vaccine devel- 
opment efforts (34). In this study, we tested adjuvant and antigen 
permutations to identify an optimal formulation that would pro- 
tect against both clinical infection and lung eosinophilic immu- 
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FIG 4 Vaccine protection and serum antibody titers. Groups of mice (n = 15) were immunized twice i.m. with vehicle, Advax-1 or -2 adjuvant alone, rSP alone 
or formulated with alum, Advax-1, or Advax-2, or [WV alone or with Advax-2 and then at 4 weeks postimmunization challenged with SARS-CoV. Shown are 
survival curves (A), serum SARS-CoV-specific IgG titers (B), and serum SARS-CoV neutralization titers (C). All values are means + SEM. 


nopathology, a problem exacerbated by alum-formulated vac- 
cines (14). All the active vaccine formulations protected against 
SARS-CoV mortality. The weakest protection was obtained with 
rSP or IWV alone, as reflected in higher lung virus titers, edema, 
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and eosinophil infiltration. At the other end of the spectrum, mice 
immunized with rSP plus Advax-2 had the lowest lung virus titers 
at day 3 postchallenge, together with the highest SARS-CoV neu- 
tralization titers and lowest day 6 lung weights. Although rSP for- 
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were sacrificed on days 3 and 6 


= 5 for each time point) 
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postchallenge and lungs harvested. Shown are lung histology scores (A and B), lung weights (C and D), lung virus titers (limit of detection, 0.75) (E and F), and 


FIG 5 Vaccine effects on SARS-CoV lung pathology and virus titers. Groups of immunized mice (n 
SP-specific lung IgG titers (G and H). All values are means + SEM. 
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munized mice from each group with the highest eosinophil infiltration scores 
on H&E staining on day 6 postchallenge were stained with a specific eosinophil 
MBP antibody (brown color). 


mulated with alum protected against mortality, these mice devel- 
oped severe lung eosinophilia at day 6 postchallenge (Fig. 6), 
reminiscent of the lung pathology induced by alum-adjuvanted 
RSV vaccines (20) and indicating alum’s general lack of suitability 
as a coronavirus vaccine adjuvant. At the other end of the spec- 
trum, mice immunized with rSP or WV combined with Advax-2 
demonstrated a complete absence of eosinophilic immunopathol- 
ogy (Fig. 6). The combination of rSP with Advax-2 adjuvant could 
thereby make an ideal coronavirus vaccine, combining the highest 
virus protection with the lowest risk for eosinophilic immunopa- 
thology. A surprising feature of T cells from mice immunized with 
Advax-2 was their lack of SP-stimulated proliferation despite high 
levels of IFN-y production, a consistent feature at both 2 weeks 
and 1 year postimmunization. We hypothesize that this is because 


3004 = jvi.asm.org 


Journal of Virology 


Advax-2 specifically induced a population of SP-specific effector 
memory T cells (Tem). In contrast to central memory T cells 
(Tcm), which are capable of self-renewal through high basal and 
cytokine-induced STAT5 phosphorylation, Tem cells, while re- 
taining potent cytokine secretory ability, have largely lost the abil- 
ity to proliferate in response to antigen restimulation (35-37). 
This lack of SP-stimulated T-cell proliferation, which was also 
seen in the CpG-adjuvanted group, was associated with reduced 
SP-stimulated IL-2 production, thereby explaining the loss of SP- 
stimulated proliferation. Another successful formulation was rSP 
plus Advax-1, with long-term immunogenicity studies showing 
that Advax-1 induced the most robust and durable SP-specific 
CD4 and CD8 T-cell response, extending out to at least 1 year 
postimmunization, in marked contract to the short-lived T-cell 
responses induced by Advax-2 or CpG. We thereby hypothesize 
that Advax-1 uniquely induced a long-lived SP-specific Tcm pop- 
ulation, consistent with the high levels of SP-induced IL-2 pro- 
duction seen in this group at both 2 weeks and 1 year postimmu- 
nization. Thus, it is theoretically possible the Advax-1 formulation 
might provide the most durable coronavirus protection, a possi- 
bility that will require testing in long-term challenge studies. 

How do Advax adjuvants enhance coronavirus vaccine protec- 
tion? Innate immune activators such as CpG have been shown to 
provide short-term nonspecific virus protection via induction of 
interferon and other antiviral inflammatory mediators (38). 
However, Advax-1 or Advax-2 alone without antigen provided no 
protection, confirming protection to be antigen dependent. While 
neutralizing antibodies can provide SARS-CoV protection (39), 
the immunized mice had undetectable serum neutralizing anti- 
body immediately prechallenge. Thus, the enhanced protection 
cannot be explained by higher levels of preexisting serum neutral- 
izing antibody. Nevertheless, mice that received Advax-adju- 
vanted vaccines had significantly higher neutralizing titers as early 
as day 3 postchallenge, suggesting that they had preexistent mem- 
ory B cells that were able to extremely rapidly produce neutraliz- 
ing antibody upon virus exposure. This is supported by the find- 
ing that prechallenge, mice that had been immunized with rSP 
plus Advax-1 or Advax-2 had 2- to 3-fold more SP-specific bone 
marrow ASC than mice immunized with rSP alone. A similar 
mechanism whereby an expanded population of memory B cells 
rather than preformed serum neutralizing antibody provided en- 
hanced viral protection by Advax-adjuvanted vaccines has re- 
cently been demonstrated in a model of Japanese encephalitis vi- 
rus (26) and West Nile virus (27) infection, suggesting that 
memory B-cell enhancement may be a generalizable property of 
delta inulin adjuvants. 

Enhanced protection may, however, also reflect enhancement 
of T-cell immunity by Advax adjuvants. SARS-CoV protection 
has been shown to involve coordinated action of memory CD4 
and CD8 T cells together with neutralizing antibody (40). Delta 
inulin adjuvants have previously been shown to enhance the fre- 
quency of antigen-specific Thl, Th2, and Th17 CD4 and CD8 
memory T cells in influenza (25) and hepatitis B (28) vaccine 
models. Most adjuvants typically bias toward particular T-cell re- 
sponses, e.g., IL-4-secreting Th2 cells by alum (41), IFN-y-secret- 
ing Th1 cells by CpG (42), and IL-17-secreting Th17 cells by oil 
emulsions (43). The broad enhancement of all T-cell subsets by 
Advax-1 is therefore unusual. Another surprise was that mice im- 
munized with Advax-1 produced only SP-specific IgG1, a Th2 
isotype, despite having large numbers of SP-specific IFN-7y-secret- 
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ing T cells. We hypothesize that the majority of Th1 cells in these 
mice might have been generated too late in the vaccine response to 
affect the SP-specific B-cell phenotype. In contrast, Advax-2 im- 
parted a distinct Th1 and Th17 bias on the cellular response, with 
suppression of IL-4 alongside increased IFN-y- and IL-17-secret- 
ing T cells. Surprisingly, despite the suppressed IL-4, these mice 
still demonstrated enhanced production of IgG1 in addition to 
IgG2 and IgG3. Yet another surprise was that although mice im- 
munized with Advax-1 had enhanced T-cell IL-4 responses and 
solely a Th2-type antibody response, they did not develop lung 
eosinophilic immunopathology, in contrast to the alum-immu- 
nized mice in this and other studies (32). This raises the question 
of the mechanism of SARS-CoV eosinophilic immunopathology. 
The excess host innate immune response contributing to SARS- 
CoV lung pathology is complex, with roles played by alternatively 
activated macrophages, neutrophils, NF-KB activation, and IL- 
18, IL-6, and TNF production, at least some of which reflects 
inflammasome activation by the envelope protein encoded ion 
channel (44-49). SARS-CoV lung pathology was prevented by 
pretreatment of alveolar macrophages with poly(I-C), a Toll-like 
receptor 3 (TLR3) agonist thought to act via inhibition of the 
excess Th2 response (50). Interestingly, Advax-1, despite increas- 
ing the frequency of IL-4-secreting SP-specific T cells, did not 
exacerbate eosinophilic immunopathology. The common factor 
between Advax-1 and Advax-2 is that they both induced SP-spe- 
cific T-cell IFN-y responses. Hence, it may be an inadequate vac- 
cine-induced Th1 response rather than an excessive Th2 response 
per se that causes SARS-CoV lung immunopathology. This is con- 
sistent with human autopsy data showing downregulation of Th1 
pathway members, STAT1, interferon, and CXCL10 in the lungs 
of patients who died from SARS (51). We therefore propose a 
model whereby immunization with SARS antigens alone or for- 
mulated with alum fails to induce a sufficient number of IFN-y- 
secreting memory T cells and this lack of IFN-y is then further 
exacerbated by active Th1 pathway downregulation by the SARS- 
CoV itself (52). This enables a vicious cycle of ever-increasing 
Th2-polarization of the anticoronavirus response to become es- 
tablished. Hence, the ideal coronavirus vaccine needs to induce 
not only neutralizing antibodies or, as shown here, at a minimum 
memory B cells capable of rapidly producing neutralizing anti- 
body upon virus exposure but also a robust long-lived T-cell 
IFN-y response, thereby preventing any risk of lung eosinophilic 
immunopathology. Notably, this is precisely the vaccine pheno- 
type imparted by formulation of SARS-CoV antigens with delta 
inulin adjuvants. 

CpG adjuvant suppressed long-term SP-specific T- and B-cell 
memory responses, despite providing short-term enhancement of 
IgG2 and IgG3 production and T-cell IFN-y. This result is seem- 
ingly at odds with the many reports of CpG having a positive effect 
on humoral and cellular immunity (33). However, short-term 
studies of CpG could have missed a deleterious effect on long- 
term memory. While TLR agonists, including lipopolysaccharide, 
poly(U), or poly(I-C), when formulated with IWV prevented eosi- 
nophilic immunopathology (53), it will be important to make sure 
that such protective effects do not wane over time. The mecha- 
nism underlying the suppression of long-term T-cell memory by 
CpG observed here is currently unknown; we hypothesize that it 
reflects induction by CpG of short-lived effector T cells that in the 
absence of IL-2 rapidly die once the initial vaccine stimulus wanes. 

Important questions remain to be addressed, including iden- 
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tification of the best strategies to protect elderly subjects, the pop- 
ulation most vulnerable to lethal human coronaviruses. There is 
also the important issue of how best to provide protection against 
variant and heterologous coronavirus strains. While this study did 
not address these questions directly, Advax adjuvants have previ- 
ously been shown to enhance human vaccine responses in elderly 
subjects (30) and provided enhanced heterologous protection 
against West Nile virus in mice immunized with an inactivated 
Japanese encephalitis virus antigen (27). Hence, it will be interest- 
ing to see whether delta inulin adjuvants can similarly enhance 
heterologous coronavirus protection, including in elderly mouse 
models. Future studies are also needed to test the longevity of 
SARS-CoV vaccine protection achievable with the different adju- 
vant formulations, and it will also be important to extend the 
current findings to larger animals such as the ferret SARS-CoV 
model. 

In conclusion, this study highlights the critical importance of 
adjuvant selection for development of effective and safe corona- 
virus vaccines. Delta inulin-based adjuvants were shown here for 
the first time to provide enhance humoral and T-cell responses to 
both recombinant and inactivated whole-virus SARS-CoV anti- 
gens, boosting vaccine protection while avoiding the risk of lung 
immunopathology. These findings should assist the design of op- 
timal vaccines against SARS-CoV, MERS-CoV, and other poten- 
tial human coronavirus threats. 
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